Disturbances influence vegetation patterns at multiple scales, but studies that isolate the effect of scale are rare, meaning that scale and process are often confounded. To explore this, we imposed a large (~3.75 ha) experiment in a South African coastal grassland ecosystem to determine the spatial scale of grass response to nutrient additions. In two of six 60 x 60 m grassland plots, we imposed nutrient additions using a scaled sampling design in which fertilizer was added in replicated sub-plots of varying sizes (1 x 1 m, 2 x 2 m, and 4 x 4 m). The remaining plots either received no additions, or were fertilized evenly across the entire plot area. We calculated empirical semi-variograms for all plots one year following nutrient additions to determine whether the scale of grass response (biomass and nutrient concentrations) corresponded to the scale of the sub-plot additions and compared these results to reference plots (unfertilized or unscaled). In addition, we calculated semi-variograms from a series of simulated landscapes generated using random or structured patterns (neutral models) and compared the semivariogram parameters between simulated and empirical landscapes. Results from the empirical semivariograms showed that there was greater spatial structure in plots that received additions at sub-plot scales, with range values that were closest to the 2 x 2 m grain. These results were in agreement with simulated semivariograms using neutral models, supporting the notion that our empirical results were not confounded by random effects. Overall, our results highlight that neutral models can be combined with empirical semivariograms to identify multi-scalar ecological patterns and this hybrid approach should be used more widely in ecological studies. 
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To ensure aboveground grass biomass would respond to nutrient additions, we employed 181 a dual (nitrogen (N) + phosphorus (P)) nutrient addition experiment. Additional N was added as 
229 where is the mean of the data multiplied by an n-dimensional vector of 1's, C is the partial sill 230 (total sill = C 0 + C), is an n x n spatial covariance matrix, C 0 is the nugget effect, and I is an n Σ 231 x n identity matrix. The i,jth element of is calculated with a spatial covariance function , Σ
(ℎ )
232 where is the Euclidean distance between measurement points i and j. An exponential ℎ 233 covariance model was chosen for its relative simplicity. The full equation for summarizing the 234 second order moment for an element i,j is:
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(2)
236 where is the modeled spatial covariance for measurements i and j, is the range parameter,
237 and is the range of spatial autocorrelation. The underlying spatial mean may be held 3 * 238 constant or estimated with a linear model across all locations. We used the plot-level mean of 239 the data for (Table 1) .
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The measured soil and plant variables exhibited varying degrees of non-normality in their 
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The spatial structure of simulated landscapes was analyzed using the same maximum 281 likelihood approach as described above and data was not transformed. The mean () was 282 estimated using a constant trend estimate. To compare neutral (simulated data) and empirical 283 (observed data) semivariogram models, we scaled the nugget and sill model parameters by 284 dividing these parameters into the maximum observed semivariance value within each plot.
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The relationship between biomass and foliar N and P (Objective 3) was investigated 286 using a linear mixed modeling approach, where herbivory, fertilizer type (i.e., heterogeneous, 287 homogenous, and unfertilized), plot treatment, and subplot size were all included as random (Fig. 3d,h ). Higher spatial structure in the heterogeneous versus 341 homogeneous or unfertilized plots can also be seen in the kriged plots of biomass (Fig. 4) . These 342 maps also demonstrated the higher mean levels of biomass in fertilized subplots relative to areas 343 outside of subplots or relative to other plots. Normalized nugget/sill ratios were highest in the 344 unfenced, homogeneously fertilized plot (3.89) with lower ratios (0-0.02) for heterogeneously 345 fertilized or fenced treatments.
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Consistent with the biomass results, semivariogram parameters for vegetation % N and % Table 3 Table 3 ) showed few differences among model 354 parameters among treatments where these were measured (fenced plots, only). In sum, 355 differences in spatial structure that could be attributed to treatments were most evident for 356 biomass, somewhat evident for vegetation % N and % P, and least evident for soil C or nutrients.
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To compare mean differences among plots (Objective 2), we compared normalized 358 spatial model fits of neutral and empirical semi-variograms, which allowed us to quantify the 498 consumption, although vegetation nutrient concentrations exhibited lower spatial structure than 499 that observed for biomass. Finally, this study was undertaken in a nature reserve in which 500 grasslands are being actively managed to meet multiple management objectives including 501 wildlife management and biodiversity. These results indicate strong coupling between soil 502 nutrients and aboveground function which should be considered in vulnerability assessments that 503 consider grassland responses to shifts in climate and management activities. Mixed model results comparing biomass to foliar nutrients.
Results of the mixed model relating biomass to foliar nutrients, where herbivory, fertilizer type, plot treatment, and subplot size were all tested as random effects; foliar N and P represented fixed effects upon biomass, and model error was assumed to be Gaussian. A normal likelihood function was minimized to estimate optimal regression coefficients for each mixed model formulation. Both Akaike's Information Criterion (AIC) and Bayesian Information criterion (BIC) were used to compare different models. Delta (∆) represents differences in BIC between the current model and the model with the lowest BIC. 
